Moonpool is an opening in the floor or base of a hull ship which can be used to lower tools and vehicles into the sea in a protected area. In this paper, the effect of a rectangular cross section moonpool on the resistance force of a supply vessel was investigated both by experimental and numerical methods. For both methods a 1:37.2 scale of a surface vessel was used. Experiments were carried out at various Froude numbers in the range of 0.185-0.370 in the towing tank for cases with moonpool, i.e, when the entrance at the bottom of the ship was open and without moonpool, i.e, when the entrance was closed. A two phase flow CFD simulation based on volume of fluid (VOF) method was used to calculate the resistance coefficients of the vessel and to investigate fluid flow around the ship and inside the moonpool. The acquired numerical results showed fair agreement with the experimental results. The results showed that the resistance coefficient of the ship with moonpool was about 21 percent larger than that of the ship without moonpool.
Introduction
Moonpool is a wetted opening, located near the midship, which allows researchers take their tools and instruments into the water in a safer and more protected environment. Surface vessels are sometimes equipped with moonpool. It affects the motion resistance by changing the patterns of fluid flow around the vessel. There are two reasons for water motion inside the moonpool: the first is the forward speed of the vessel in transit mode and the second is when waves are approaching the vessel in operating mode, at zero speed. The motion appears as two modes of oscillations including vertical motion of the water column (heave) and water movement between the vertical walls in longitudinal direction (surge) as shown in Figure 1 . These oscillations are called piston and sloshing modes, respectively. More details were clarified by Hammargren and Törnblom [1] . Various methods have been used to predict the hydrodynamic behavior of surface vessels and moonpools' effects. For example, Veer and Tholen [2] experimentally found that the moonpool increased the total resistance of a vessel about 10%-60% at various velocities. They also investigated the various length/width ratios of the moonpool for decreasing oscillations in the moonpool. Albers [3] developed a mathematical model describing the relative motions of water inside a moonpool. He also carried out experiments for a test model to obtain empirical results and compared them together. FredriksenKristiansen and Faltinsen [4] experimentally studied the behavior of piston-mode resonance in a moonpool at low current speed and compared their results with a nonlinear hybrid method coupled potential and viscous flow. They concluded that the moonpool behavior significantly depends on the heave forcing amplitude. Liu-Zhou and Tang [5] investigated the heave responses of a truss Spar platform with semiclosed moonpool in random waves. The results showed that water motions inside the moonpool significantly affected the platform heave when the characteristic wave period is far away from the natural period of the platform heave motion. Matusiak [6] theoretically evaluated the motion of a water column in the moonpool of a ship and compared his results by experimental method. He obtained his results for both closed and open moonpool conditions. Nevertheless, a few numerical works have been published to investigate the effects of moonpool in comparison to experimental works. For instance, Sadigh and XiangLiang [7] performed a numerical research to obtain the pressure coefficient in circular and square moonpools. Alsgaard [8] investigated four different configurations of the moonpool using OpenFOAM tool. Numerical verification was firstly accomplished on an experiment of a 2D section of a moonpool in shallow water. Wang-Liqin and Tang [9] numerically investigated square-ring and crisscross shapes of a moonpool entrance on the motion form of fluid and mass flow rate in the moonpool for hard tank of a truss spar. One of the main effects of a moonpool is the increase of ship resistance. As mentioned above, this effect was studied either by numerical methods or by experimental techniques. The aim of this paper was to use both experimental and numerical methods to investigate the amount and reasons of increasing the total resistance of a supply vessel. The commercial computational fluid dynamics code, CFX, was used to model the motion of the ship in a two phase flow domain. In order to study this problem experimentally, a model with a scale of 1:37.2 was built and various tests conducted in IUT towing tank. Figure 2 shows the sketch of this vessel indicating its moonpool location. 
Dimensional Analysis
By the use of dimensional analysis, the forces and moments measured in a towing tank tests on a scaled model of a ship can be used to predict the corresponding forces and moments related to the full scale ship. Dynamic similarity between the model and real ship can be achieved if Froude (Fr) and Reynolds (Re) numbers of the full scale and model ship are equivalent. If the towing tests are performed in a water with the same properties as the sea water, then:
where, V and L are the speed and length of the ship, respectively. Subscripts s and m refer to the full scale ship and model, respectively. The same Froude number in model and full scale (Froude's law) requires that:
Where, λ is the scale factor. While, the same Reynolds number in model and full scale would result in:
These two equations can be satisfied simultaneously only if λ=1, which means that, it is not possible to scale down the ship dimensions and to perform the tests in a towing tank. To overcome this problem, Froude theorem was used, in which, it is assumed that the total resistance coefficient defined as:
Eq. (5) can be divided into two parts: friction coefficient, CF, which is a function of Reynolds number and residuary coefficient, CR, which is a function of Froude number, that is
where, RT is the total resistance force, Aw is the wetted area of the ship, ρ is the density, and V is the ship velocity. 
Resistance of real ship
ITTC78 method is the prevalent empirical procedure for calculating the resistance of ships. According to the ITTC78 method [10] , the follow equation is used to calculate the total resistance coefficient of the real ship: 
where, AT and S are the projected area of the ship exposed to the air flow and wetted area of the hull, respectively. ks is the roughness of the hull, which is almost equal to 150µm, and LWL is the wetted length of the ship. CA is the correlation factor in which the effect of non-equivalent Reynolds number and uncertainly analysis are imposed.
Experimental Test
The towing tank tests were carried out for the model in the Subsea R&D Center of the IUT. The length, width, and depth of the towing tank were 108m, 3m, and 2.2m, respectively. The Froude number ranged from 0.18 to 0.37.
Figure 3. Ship model attached to dynamometer
A three component load cell was used to measure the resistance forces and moments of the model. The load cell was located at the longitudinal center of gravity (LCG) and in the line of the expected thrust line. The model is fixed in heave, trim and yaw. This allows the load cell to measure the axial and lateral forces, as well as yaw moment, however, only the axial measured forces are used in the present work. In order to monitor the wave profile and wetted surface around the model hull, horizontal and vertical lines were drawn on a water proof paper and attached on the hull model surface. Two digital cameras, then, were used to film and capture the wave profile. Required time between successive runs was at least 20 minutes. Experiments were performed for bare hull without considering the propeller and other appendages.
Numerical simulation
The volume of fluid (VOF) technique was used to approximate the free surface flow because both fluids (air and water) were considered as continuous fluids. Two-phase Reynolds averaged Navier-Stokes (RANS) equations were employed to obtain the flow variables as follow:
Eqs. (11-13) demonstrate volume conservations in each element. In the above equations, V is the velocity vector, αi is the volume fraction of phase i, Vi is the volume of phase i, V is the total volume, ρm and μm are the bulk density and viscosity, respectively, and finally P is the pressure acting on the flow. The effect of surface tension was overlooked and two phases didn't mix together at interface. The volume fraction of phases was zero or one in the entire domain except at the interface of water-air. Because of turbulence nature of fluid flow, it's essential to model the created Reynolds stresses in the RANS equations to close the governing equations. Turbulence models related the apparent unknown terms ( ij uu  ) and known flow variables together.
Hereby, K-ε model was used for simulations because this model is robust in modeling the Reynolds stresses in the wide range of engineering applications. The finite volume method was used to solve the NS equations and volume fraction equations numerically, and high resolution scheme was also used to discretize the advection and turbulence terms. Residual target was set at 10 -5 for all governing equations in order to achieve convergence. 
Computational domain & boundary condition
After investigating various dimensions for computational domain, a cubic domain was established as Figure 4 . The boundary condition set as constant velocity for the inlet. The free slip wall condition was used for lateral walls, and non-slip wall condition was used for the ship surface. The static pressure condition was used for outlet. Because of the sheer symmetry of the ship, only half of the fluid domain was used for simulations.
Mesh definition
Unstructured grids were generated in the fluid domain for all simulation. In addition, the density of grids should be more increased near the free surface and ship surface in order to capture the free surface waves and large gradients flows. Prism elements were used to increase the number of elements and consequently accuracy of the solution in these regions. As a result, it's required to estimate the total boundary layer thickness and the first layer thickness created around the model as For example, when the ship model moves with a constant velocity of 1.6m/s, the total thickness is about to 27mm. On the other hand, the first layer thickness for a desired y + of 30 is equivalent to 2.5mm. So that, 8 prism layers with expansion factor of 1.1 cover the boundary layer, totally. The feature of boundary layer meshing was similar around the ship model in the water and air domains for discarding the effect of mesh difference on the output results. In order to ensure that the quality of generated elements was acceptable, a grid study was performed. The grid study was accomplished in a way that the variation of friction coefficient should be negligible with increasing the number of elements. Table 1 shows these variations versus number of elements. According to table 1, variations of friction coefficient approximately remain at a constant value of ≈0.004 with more increment of elements number; therefore, the computational time can be decreased by choosing the optimum meshing (Fine2) with lower elements.
Estimation of hydrodynamic resistance
The steady towing tests were conducted for accessing the resistance coefficients, pressure distribution, and wave profile at various velocities. By measuring the forces acted on the model ship in the experiments and simulations, the total resistance coefficient (CT) can be calculated according to the Eq. 5. Note that, it's also possible to calculate the friction force in CFD analysis, which would be compared to the empirical formula provided in Eq. 7. The resistance coefficients are shown in table 2 and 3 in the mentioned range of Froude numbers for closed and open moonpool conditions. According to the obtained experimental and numerical results presented in these tables, the total resistance coefficient of the ship, with closed and open moonpool, increases with Froude number. The resistance coefficients of the ship model with open moonpool are larger than those with closed moonpool, at the same Froude numbers. As shown in these tables, the results obtained for the total resistance coefficients with experimental facility are always larger than the corresponding values obtained by the numerical study. One of the main reasons for this difference is the use of turbulence stimulator in the ship model experiments, which is used to make the flow field turbulent. The turbulence stimulator was attached to the model ship in order to create more similarity conditions between the model and ship flow field. It is important to realize that how the moonpool increase the total resistance of the ship model by investigating the behavior of friction and residuary coefficients for various Froude numbers. It should be noted that comparing the values of CF with and without moonpool in these tables could be misleading since the wetted area, appeared in Eq. 
Table 2 and 3 also show that the difference between the friction coefficients obtained by Eq. 7 with those obtained by numerical values is larger for the ship model with moonpool than for the ship model without moonpool. This can be related to the fact that the presence of moonpool is not predicted in empirical Eq. 7 and it yields the same friction factor for the ships with and without moonpool, which is physically not acceptable. However, we will show that using Eq. 7 will not introduce a large error in evaluating the total resistance of the real ship. Table  3 shows that while the results obtained for the friction resistance coefficient of the ship model using Eq. 7, is up to 20 percent larger than the corresponding values obtained by the numerical study, this difference for the residuary resistance coefficient, which will be used to estimate the total resistance coefficient of the real ship, is less than 9.5 percent. This is due to the lower contribution of friction coefficient into the total resistance coefficient. Since the Reynolds number for the real ship is much larger than that of the model, the friction coefficient of the real ship will be even smaller, while the total resistance coefficient of the ship is larger. The contribution of friction coefficient into the total resistance coefficient for both model and ship, with/without moonpool, is shown in The total resistance coefficient of the ship was obtained by ignoring in Eq. 8, because these parameters had the same values for the ships with and without moonpool and the main aim of the present study is to investigate the difference between the total resistance of the ships with and without moonpool. Therefore, we consider:
The magnitudes of Fs ( C ) in the above equation are obtained by Eq. 7. The magnitudes of CR for the model and the real ship are equal, at same Froude numbers, and can be obtained from table 2 and 3 for both open and closed moonpool. As shown in table 4, since the contribution of friction coefficient into the total resistance coefficient for the real ship is much lower than that for the model ship, using Eq. 7 will not introduce significant difference between the experimental and numerical results for the total resistance coefficient. The results for the total resistance coefficients obtained both by experimental and numerical methods showed that presence of moonpool increases the residuary coefficients of the ship model. This is due to the flow pattern introduced inside the moonpool. Comparing the results obtained for the residuary coefficients shown in Tables 2 and 3 indicates that, as the Froude number increases, the difference between the residuary coefficient of the model ship with and without moonpool also increases. This is due to the increase of water circulation inside the moonpool, as the Froude number (ship speed) increases. The generated circulation in the liquid phase inside the moonpool is indicated in Figure 6 . Water circulation inside the moonpool and interaction of water with its vertical walls produces a high pressure zone inside the moonpool. Pressure contours of the ship surface and the moonpool walls are shown in Figure 7 . The high pressure area appeared on the right wall of the moonpool increases the total resistance of the ship. In order to compare the pressure distributions on the ship surface with and without moonpool, the pressure coefficient defined as, This figure shows that the differences between pressure coefficient distributions, with and without moonpool, along various paths on the ship hull are not significant. Therefore, the moonpool is the main location in the ship where the pressure distribution is different from that of the ship without moonpool. The total resistance force of the ship can be calculated from Eq. 5. 
Uncertainty Analyses
A thorough uncertainty analysis for obtaining the drag coefficient uncertainty 
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Where, the θ values are defined as Eq. 22.
D F
B , for example, includes biases in calibration of the load cell, biases of misalignment, biases of curve fitting and biases of towing tank inclination, etc. Note that tw represents the water temperature in Eq. 22. Including all details of the above equations in the paper distract the reader from the main goal of the paper which is related to the moonpool effect on resistance coefficient of a ship. The uncertainty analysis of the current problem showed that that the maximum uncertainty value of the drag coefficient was about 0.61% of the drag coefficient value. 
Wave profile
As shown in the previous section, pressure distributions around the ship hull with and without moonpool were almost similar. That is, the presence of moonpool did not affect the pressure distribution around the ship hull. Therefore, the wave profile around the ship hull for both cases was observed to be similar. In order to show the wave profile around the ship hull, the water volume fraction was calculated numerically. The graphical presentation of water volume fraction, which indicates the wave profile around the ship hull for various Froude number, are shown in Figure 10 . As shown in this Figure, the amplitude of waves along the ship length is increased by increment of Froude numbers. The wave profiles around the ship hull was also measured experimentally and compared with the results obtained by the numerical simulations at various Froude numbers.
The wave profiles obtained, for example at Fr=0.37, are shown in Figure 11 . The numerical results agreed almost well with the experimental results.
CONCLUSION
In this paper, the effects of introducing a rectangular cross section moonpool on the hydrodynamics resistance of a supply vessel were investigated both by experimental towing tank tests and by numerical simulations using computational fluid dynamics. It was shown that introducing the moonpool increases the resistance coefficient of the ship by more than 20 percent. This increment was mostly due to the increase of residuary coefficient, which arise from the interaction of the fluid flow with vertical walls of the moonpool and circulation of water inside moonpool. It was also demonstrated that the presence of moonpool did not affect the wave profile around the ship hull. The results obtained by the numerical simulations for the residuary coefficients of the ship with moonpool at various Froude numbers differed less than 10 percent from those obtained experimentally in the towing tank tests. One can conclude that the computational fluid dynamics can be used to investigate the effect of moonpool with various shapes, dimensions and locations on resistance of the ship with reasonable accuracy. 
